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A B S T R A C T 
A series of phthalocyanines containing four, eight, and sixteen 
2-ferrocenylethoxy moieties on the periphery have been prepared and 
spectroscopically characterized. The UV-Vis spectrum of the tetraferrocenyl 
phthalocyanine 55 shows an unusual long-wavelength band at ca. 760 nm in non-
polar solvents. By studying the spectral changes of this compound and its analog 
1,8,15,22-tetrakis(3-pentyloxy)phthalocyaninatozinc(II) (70) in different solvents and 
concentrations, and their fluorescence spectra, it can be concluded that this band is not 
likely due to a slipped cofacial dimer as reported previously. Compound 55 is not 
emissive which can be explained by the efficient quenching due to electron transfer 
from ferrocene to the excited phthalocyanine. The value of AG^ for this 
photoinduced electron transfer has been estimated to be ~0.48 eV. Electrochemical 
studies of these phthalocyanine-ferrocene conjugates by cyclic voltammetry have 
revealed that all the ferrocenyl redox centers attached to the macrocyclic core are 
electrochemically independent and undergo an oxidation at the same potential. 
Another series of ferrocenyl tetrapyrrole derivatives based on nickel(n) 
5,15-diphenylporphyrin (90), zinc(H) phthalocyanine (83) and 2,3-naphthalocyanine 
(87) have also been prepared in which up to eight ferrocenyl groups are connected on 
the periphery via ethynyl linkers. Compound 87 represents the first example of 
ferrocene-containing 2,3-napthalocyanine. Due to the more extended conjugated 7z 
system, all the 7c-7r* transitions are significantly shifted to the red compared with the 
parent tetrapyrroles. The electrochemical response of these compounds depends 
largely on the electrode used. By using a platinum microsphere working electrode, 
the oxidation couple due to the ferrocenyl units in these compounds is slightly split 
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1. INTRODUCTION 
1 • 1 General Background of Tetrapyrrole Derivatives 
Tetrapyrrole derivatives are macrocyclic compounds containing four pyrrole 
units. Classical examples include porphyrins (e.g. 1)，porphyrazines (or 
tetraazaporphyrins, e.g. 2)，phthalocyanines (e.g. 3)，2,3-naphthalocyanines (e.g. 4), 
and 2,3-anthracocyanines (e.g. 5). Having a highly delocalized n system, these 
compounds are highly colored and exhibit a range of intriguing properties which 
\ 
render them useful in various disciplines.^ ^ Porphyrins, for example, are 
biomolecules which play a key role in respiration and photosynthesis? 
Phthalocyanines are usually robust and are widely used in the field of materials 
science/ Their potential applications in electrochromic materials,^  conducting 
materials,5 sensors,^  and photosensitizers^  have been studied extensively. 
p r q i X T Q ^ " ^ 
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Due to the highly conjugated 7i-systems, these macrocyclic compounds have 
high absorptivity in the red spectral region. Figure 1 shows the energy level 
diagrams of 2-5，The Q band, which is ascribed to the transition from H O M O to 
L U M O , shifts to longer wavelength {X^^ : 2，592; 3, 662; 4’ 725; 5，760 nm) and 
intensifies with expansion ofthe n - systems showing that the energy gap between the 
H O M O and the L U M O decreases as the size of the n - system increases. The Soret 
(or B) band is associated with the transition from the next to highest occupied M O to 
the L U M O , which also experiences a bathochromic shift (X^m： ： 2, 317; 3，332; 4, 352; 
5，393 nm) with enlargement of the ;i-systems. 
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Figure l.Energy level diagrams of macrocycles 2-5. ¢1 = H O M O ; L = L U M O ; d = 
degenerate). 
The spectral properties of phthalocyanines are significantly different from 
those of porphyrins. Because of the aza-bridges in phthalocyanines, the Q band 
transition, which is designated to an a^^ to Cg transition, is distinguishable from that of 
porphyrins which is an 4。to 〜transition. As a result of the significant energy 
separation between the a^^ and the hu，^® t^o top filled molecular orbitals, the Q 
state ofphthalocyanines is considerably less coupled to the second singlet exited state. 
>•"» 
J 
But in porphyrins, an extensive configuration interaction occurs between the two 
lowest energy singlet states. The molar absorptivity of the Q band in 
phthalocyanines is therefore up to 10 times higher than that of porphyrins. Figures 
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Figure2.General UV-Vis spectra of (a) metallophthalocyanines and (b) 
metalloporphyrins. 
4 
These tetrapyrrole derivatives also exhibit rich electrochemistry. For main 
group phthalocyanines the first ring oxidation is separated from the first ring 
reduction by ca. 1.5 V which corresponds approximately to the magnitude of energy 
separation between the H O M O and L U M O , The individual potentials, however, 
vary remarkably. Generally, the more polarizing the central metal ions, the easier it 
is to reduce the ring and the more difficult to oxidize the ring. A linear relationship 
has been revealed and is shown as equations (1) and (2).io 
E^oxl =1170-11.7(r/ze) (1) 
E〜edi = -385 - 12 (r/ze) (2) 
where E^^^^ and fiOfedl ^ ^ the first oxidation potential and the first reduction 
potential versus SCE (in mV), respectively, r is the radius of the central metal ion (in 
pm)，and ze is the charge of the central metal ion}' As expected, different 
substituents on the phthalocyanine core will also induce changes in the redox 
potentials. 
The electrochemistry ,of zinc phthalocyanines has been well documented.^ '^ ^ 
As zinc(II) is a closed shell ion which is redox inactive, all the redox processes are 
attributed to the macrocycles. Figure 3 shows a typical cyclic voltammogram of 
zinc(II) phthalocyanine (6).^ ^^  
5 
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Figure 3. Cyclic voltammogram of zinc(H) phthalocyanine (6) (0.4 m M ) in D M A 
containing 0.1 M p^U4][ClO4] at a scan rate of 50 m V s"^ . 
The electrochemistry, of porphyrins has also been studied extensively.^ ^ 
Figure 4 gives typical cyclic voltanunograms of nickel(H) tetraphenylporphyrin (7) 
reported by Kadish et al. Jn contrast to the Zn(II) ion’ the Ni(II) ion can undergo an 
oxidation to Ni(m) and this process is revealed by the couple at 1.0 V using 
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Figure 4. Cyclic voltammograms ofnickel(n) tetraphenylporphyrin (7) (0.5 m M ) in 
CH2Cl2 containing 0.1 M [NBu4][ClO4] (―) or [NBu4][PF6] ( - ) at a scan 
rateoflOOmVs-i. 
7 
1.2 Electronic Meractions in Systems wifh Multiple Redox Sites 
In the past few years, there has been a growing interest in molecular 
systems containing multiple redox-active centers/^ "^ ^ These molecules can act as 
potential candidates for multi-electron redox catalysts^ ^ and serve as models for the 
studies of light-initiated intramolecular electron transfer that may shed light on the 
complex but practically useful processes such as solar energy conversion and artificial 
photosynthesis.i5W Ferrocene, owing to its chemical stability and well-defined 
electrochemistry, has been widely used in the construction of such multi-component 
systems. It can also act as an electron relay group because the electron transfer of 
this group is known to be very fast/' Studies of the electronic interactions between 
the redox sites in a molecule are a subject of great fundamental importance, 
particularly in the field of molecular electronics.'^  The interactions may be in 
general through chemical bonds or space CFigure 5) and can be studied with a range of 
physical methods such as electrochemical techniques, electron spin resonance 
spectroscopy, magnetic measurements, and electronic spectroscopy.^ ® 
/^^^^~~^"^"^^^^r~~~^ bonds ^ ^ ^ " ^ ^ " ^ ^ " " ; ; ^ ; r ^ 
C _ ^ ^ ^ y s p : " ^ v _ j ^ ^ 
Figure 5. Model for the electronic interactions between two redox sites. 
8 
L2.1 Electronic Interactions in One-dimensional Systems 
Molecular wires such as compounds 8^ ^ and 9^ '^^  are typical examples of 
one-dimensional systems. As the two redox sites are linked with a conjugated 
system，electronic interaction may occur through the chemical bonds. Figure 6 
shows the cyclic voltammogram of compound 8 which exhibits two reversible 
couples assignable to the oxidation of the two iron centers. Similarly, the 
voltammograms of 9 (n = 14) also show two oxidation couples for the metal centers 
and the results are listed in Table 1. The separation of the two couples (AE) 
decreases when the two redox sites are farther apart. Only one couple at 0.74 V 
appears when the two Re centers are separated by 10 triple bonds [i.e. 9 (n = 5¾. 
The appearance oftwo oxidation couples suggests that the redox sites are oxidized in 
sequence and electronic interactions exist between the two metal centers. For 
systems in which the two redox sites are independent to each other, they should be 
oxidized simultaneously at the same potential so that only one couple will be seen. 
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Figure 6.Cyclic voltammogram of 8 in 0 ¾ ( ¾ containing 0.1 M D^uJpPF^] at a 
scan rate of 100 m V s"^  
10 
n E^i(V) EO2(V) AE(V) 
r~ 0 ^ ’ 0 ^ 0.53 
2 0.34 0.62 0.28 
3 0.56 0.75 0.19 
4 0,67 0.76 0.09 
5 0.74 (2 e process)  
Table 1. Electrochemical data (v5. Fc;Tc+) of9 (n = 1-5) (7 - 9 x 10.5 M ) in CH^Ch 
containing 0.1 M 0>^¾]^??^] at a scan rate of 100 m V s]. 
Diferrocenylpolyenes ofthe general formukFc(CH=CH)JFc (10) (n = l"6) 
are the other well-studied one-dimensional systems.] As shown in Table 2, the 
electronic commimication between the redox-active ferrocenyl groups is also quite 
sensitive to the separation between the redox sites. Again, only one ferrocenyl 
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n E°i (mV) EO2(mV) AE(mV) 
1 “ ^ 4 ^ V70 
2 294 423 129 
3 366 460 94 
4 405 (2 e process)  
5 400 (2 e process)  
6 402 (2 e process)  
Table 2. Electrochemical data {vs. SCE) of 10 (n 二 1-6) containing 0.1 M 
pSBu4][BF4] at a scan rate of 100 m V s"^ . 
L2.2 Electronic Interactions in Three-dimensional Systems 
Compared with one-dimensional systems, electronic interactions in three-
dimensional systems are relatively rare; most of them are based on dendritic 
framework with redox-active sites as the surface groups. Because of the globular 
structure of dendrimers, the electronic interactions may occur through space. The 
organometallic dendrimers 13 and 14 containing eight and sixteen ferrocenyl groups 
respectively have been synthesized by hydrosilylation of the dendrons 11 and 12 with 
Si[(CH2)3SiMe2H]4, which acts as the core,'' Both compounds 11 and 12 exhibit 
two well-separated and reversible oxidation waves of equal intensity in the cyclic 
12 
voltammograms. Dendrimers 13 (Figure 7) and 14 also show a similar cyclic 
voltammetic response. This suggests that the ferrocenyl units in these compounds 
are electronically coupled. It is worth to note that the redox behavior of the 
dendrimers 13 and 14 is solvent dependent. A sharp cathodic stripping peak and a 
typical diffiisional shape of anodic peak are observed in CH2Cl2 (Figure 7a). This 
indicates the precipitation of the dendrimers onto the electrode upon oxidation. 
Besides, upon continuous scanning in CH2Cl2, there is an increase in the peak current 
with successive scans, which indicates that the formation of an electroactive film on 
the electrode surface. The cathodic stripping peak disappears CFigure 7b) when a 
small amount ofMeCN is added to the CI^ Cl〕electrolyte medium. These are the 
first organometallic dendritic molecules displaying electronic interactions between 
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Figure 7.CycIic voltammograms of compound 13 in (a) CI^Cl〕or 0>) 
CH2Cl2MeCN (v/v 5 : 1) containing 0.1 M pSBu4]pF6] at a scan rate of 
lOOmVs-l. 
Cuadrado et al. also reported another series of ferrocenyl dendrimers in 
1996 (15-17).25 The organometallic dendrimers containing up to 64 peripheral 
ferrocenyl moieties (G5) have been prepared by coupling an excess of ferrocene 
carbonyl chloride to amino-terminated poly(propyleneimine) dendrimers. Figure 8 
shows the cyclic voltammograms of the dendrimers with eight (15)，thirty-two (16) 
and sixty-four (17) ferrocenyl groups. It can be seen that one oxidation wave 
appears in the voltammograms showing that all the ferrocenyl moieties attached to the 
dendritic surfaces behave independently and are oxidized at the same potential. 
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Figure8,Cydic voltammograms of (a) 15，(b) 16, and (c) 17 (1.0 m M ) in CH2Cl2 
containing 0.1 M ¢^¾¾]^!^ at a scan rate of 100 m V s"^ 
Astruc et al have also reported a number of multi-ferrocenyl systems based 
on a polyphenyl core.'' The key intermediate 19 has been synthesized by 
polyalkylation of the Fe(Cp)+ complex of hexamethylbenzene 18. The methoxy 
groups of 19 can then be converted to other Fe(Cp) derivatives giving the hexa-iron 
sandwich complexes 20 and 21，and the hepta-iron derivative 22. As shown by 
cyclic voltammetry, the hexa-iron complexes 20 and 21 exhibit a single reversible 
17 
wave at -1.30 and +0.78 V, respectively, which is due to the simultaneous transfer of 
six electrons. For compound 22, a reversible couple at -1.34 V also appears which 
can be assigned to the one-electron reduction of the central cationic iron unit. The 
peripheral ferrocenyl moieties undergo a simultaneous oxidation at +0.88 V, which is 
shifted by 0.1 V by comparing with 21. This may suggest that an interaction 
between the central and surface iron centers exists. To clarify this point, Astruc et al. 
have also prepared compounds 23 and 2 4 , The oxidation potentials of the 
peripheral ferrocenyl units in both compounds have a similar value at about +0.44 V 
(Figure 9), despite the presence of an additional [FeCp]+ moiety in 24. This 
observation indicates that the redox potentials are largely dependent on the structural 
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Figure 9.Cyclic voltanmiogram of 24 in D M F containing 0.1 M pSBu4][BF4] at a 
scan rate of 400 m V s_l. 
The nona-iron complex 25 has also been prepared and its electrochemistry 
studied by cyclic voltammetry.^ ^ As shown in Figure 10，this complex exhibits a 
20 
single reduction wave at -1.37 V，indicating that all nine peripheral ppeCp(arene)]+ 
moieties appear to be electrochemically independent to each other. 
^ ^ 
力 ^ . r ^ + F > 
‘ , 、 J ^ ， 
冬 路 。 ^ ^ ^ 终 , 
i ^ % . 
+ ¾ ^ 萝 
《 e ” ^ 
25 
' ^ j ^ j ^ ^ ^ ^ I I ^ 
I L ！ 1  - 1 . 0 - 1 . 5 - 2 . 0 - 2 . 5 
Potential / V vs. SCE 
Figure 10. Cyclic voltammogram of 25 (1.0 m M ) in D M F containing 0.1 M 
p^u4]pp4] at a scan rate of400 m V s_l. 
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Although studies of electronic interactions in one- and three-dimensional 
systems have been well-documented, a related investigation on two-dimensional 
analogs has been relatively rare. The main objective of this work is to examine the 
electronic coupling between the redox-active ferrocenyl moieties connected to a two-
dimensional tetrapyrrole platform. Ferrocene-containing tetrapyrroles have only 
been reported sporadically and are summarized in the following section. 
1.3 Ferrocene-containing Tetrapyrrole Derivatives 
Ferrocene-containing porphyrins, porphyrazines and phthalocyanines have 
been known in which the porphyrin systems have received much attention. On the 
other hand, 2,3-naphthalocyanines with ferrocenyl substituents have not been reported 
previously. 
13,1 Ferrocene-containing Porphyrins 
The first example of ferrocene-containing porphyrin was reported in 1977.^ ^ 
772^ 50-Tetraferrocenylporphyrin 26 was synthesized by typical condensation of 
ferrocenecarboxaldehyde and pyrrole. Its electrochemistry was studied very briefly 
22 
by differential-pulse polargraphy. The polarogram showed only a broad oxidation 
wave indicating that electronic coupling between ferrocenyl groups is insignificant. 
H 
？ ^ y S ^ 
c k X ^ ^ 
H 
26 
Very recently, Burrell et aL have synthesized a related 
bis(ferrocenyl)porphyrin 27 and its nickel derivative 28?。The metal-free porphyrin 
27 is formed in a classical condensation reaction between ferrocenecarboxaldehyde 
and a tetraalkyl dipyrromethane. Metalation of 27 gives nickel(n) complex 28. 
Figure 11 shows the cyclic voltammogram of compound 28 and Table 3 gives the 
electrochemical data for the ferrocene oxidation couples. It can be seen that the 
ferrocenyl units in both porphyrins, in particular 28, exhibit a strong electronic 
coupling. This has been supported by the UV-Vis spectra of 27 fFigure 12a) and 28 
(Figure 12b) which show a growth of an absorption peak at 1080 and 946 mn, 
respectively, with single electron oxidation. These are assigned as intravalence 
charge-transfer bands. Further oxidation leads to the depletion of these features. 
23 
V r ^ V 
/-N / N = ^ 
T > N ' ^ ^ N > ^ 
" T f ^ 
27 M = ¾ 
28 M =Ni 
Compound E、(V) E°2 ⑵ ^ W 
^ -0.24 』.08 0.16 
^ : ^ 0l7 571 
Table 3. Electrochemical data (vs. Fc/Fc+) of 27 and 28 in CH^C^ solution. 
= : r ^ 
1 : ^ ^ 
«400 0 400 
Potential / V v5. Fc/Fc+ 
Figure 11. Cyclic voltammogram of 28 in CH^Cl〗 solution. 
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Figure 12. Spectro-electrochemical UV-Vis spectra of ⑷ 27 and (b) 28; arrows 
indicate direction of change in peaks during oxidation. 
Axial coordination of ferrocenyl units to metalloporphyrins has also been 
reported by Kadish et alJi The germanium porphyrin-bridged biferrocene complex 
29 exhibits four reversible oxidations at 0.14，0.32, 1.32, and 1.57 V as revealed by 
the cyclic (Figure 13a) and differential pulse voltammogram (Figure 13b). The third 
and fourth oxidation waves correspond to the oxidation of the porphyrin n system， 
while the first two couples are due to the ferrocene oxidation. As the ferrocenyl 
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Figure 13. (a) Cyclic voltammogram (v = 100 m V s.” and (b) differential pulse 
voltammogram (v = 400 m V s_i) of 29 (1.4 m M ) in 0 ¾ ( ¾ solution 
containing 0.1 M P^U4][ClO4]. 
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The metailoporphyrin receptors 30 - 33 have been described by Beer et aF 
which are able to sense anions selectively. Compounds 30 - 33 are atropisomers 
formed by condensation reactions of ferrocene carbonyl chloride and the appropriate 
5,10,15,20-tetrakis(2-aminophenyl)porphyrin atropisomers, which can be prepared by 
the established procedure.^ ^ All these compounds exhibit a single two-electron 
porphyrin-based oxidation wave in the range of 0.67 to 0.71 V and two one-electron 
porphyrin-based reduction waves in -1.08 to -1.37 V and -1.49 to -1.79 V (Table 4). 
For compounds 30, 32 and 33, the four ferrocenyl units exhibit a single four-electron 
oxidation wave, indicating that these redox sites are electrochemically equivalent and 
undergo independent one-electron transfer at the same potential. However, 
compound 31 shows two oxidation waves (Figure 14) for the ferrocenyl units with a 
peak-current ratio of 3 : 1 which suggests that one of the ferrocene amide groups is 
electrochemically inequivalent with the other three ferrocenyl units. 
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31 态 ^ 32 33 态 
Compound E^ (V) Porphyrin E^ (V) Ferrocene E° (V) Porphyrin E。(V) Porphyrin 
oxidation oxidation reduction (1) reduction (2) 
30 0.71 (2 e) 0.43(4e) -1.26 -1.68 
31 0.69 (2 e) 0.48 (3 e), 0.43 (1 e) -1.08 -1.49 
32 0.67 (2 e) ‘ 0.43(4e) -1.37 -1.78 
33 0.71 (2 e) 0.44(4e) -1.18 -1.79 
Table 4, Electrochemical data (v& Ag/Ag+) of 30 一 33 (0.5 m M ) in CH^Cl^/MeCN 
(v/v 3 : 2) containing 0.2 M D>Bu4]pBF4]. 
28 
2.00 n 
韻:f^^^ i^  
-‘• ‘ I ‘ ‘ I I ‘ • • i • ‘ ‘ 1 • ‘ ‘ I ‘ ‘ ‘ t • • • 1 • • 
1.2 0.8 0.4 0 -0.4 
Potential / V v5'. Ag/Ag+ 
Figure 14. Cyclic voltammogram of 31 (0.5 m M ) in CH2Cl2MeCN (v/v 3 : 2) 
containing 0.2 M 网 〜 _ 4 ] . 
1.3.2 Ferrocene-containing Porphyrazxnes 
The first ferrocene-containing porphyrazine was prepared by Hoffinan et al. in 
1994.34 ^xed condensation of 1,2-dicyanobenzene (34) with dithiomaleomtrile 
derivative 35 in the presence of Mg(OBu)2 and BuOH gives the unsymmetrical 
prophyrazine 36, which undergoes demetalation with trifluoroacetic acid to give 
compound 37. Reductive debenzylation with sodium in liquid ammonia produces 
the norphthalocyanine dithiolate, which is then capped in situ with [1,1，-
bis(diphenylphosphino)ferrocene]paUadium(n) dichloride to afford the solitaire 
porphyrazine 38 (Scheme 1). This macrocycle exhibits two reversible one-electron 
29 
reductions at -1.27 and -1.51 V (vs. Fc+ZFc)，which are attributed to reductions of the 
porphyrazine ring. Within the limit of 十150 V as determined by the solvent 
(CH2Cl2), no ring oxidation can be observed but a reversible one-electron couple at 
0.18 V and an irreversible wave at 0.63 m V appear which are due to the Fe(II/III) and 
Pd(MII) oxidation respectively. 
lJ,3 Ferrocene-containing Phthalocyanines 
The tetraferrocenyl phthalocyanine 42 was prepared by Leznoff et al. using 
the method shown in Scheme 2^' Treatment of the ferrocenium chloride (39) with 
4-diazoniumphthalonitrile bisulfate (40) gives the dinitrile 41, which undergoes base-
promoted cyclization to give 42. 
Figures 15 (a) and (b) show the cyclic and differential pulse 
voltammograms of 42，respectively. Similarly, only one ferrocenyl couple is 
observed at 0.52 V，indicating that the four ferrocenyl units are electrochemically 
independent to each other. Compound 42 also exhibits two reversible reductions at 一 
1.14 and -0.79 V and two oxidations at 1.05 and 1.12 V, all are attributed to the 
phthalocyanine ring. The ferrocenyl cathodic peak has a much higher current which 
indicates an adsorption phenomenon on the working electrode. 
30 
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Figure 15. (a) Cyclic voltammogram (v = 200 m V s_l) and (b) differential pulse 
voltammogram (v = 5 m V s'^ ) of42 (0.05 m M ) in CH2Cl2 containing 
0.1MP>^BU4]PPF5]. 
33 
Phthalocyanines containing ferrocenyl moieties as axial Hgands have also 
been reported.^ ^ The silicon diferrocenyl phthalocyanine 45 has been prepared by 
treating dichloro(phthalocyaninato)silicon(W) (43) with ferrocenecarboxylic acid (44) 
(Scheme 3). The cyclic voltammogram of45 shows one oxidation couple at 1.23 V 
and two reduction couples at ^ .55 and -1.02 V，all of which are due to the 
phthalocyanine ring. The ferrocenyl oxidation couple appears at 0.69 V with no 
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The bis(ferrocenyl)phthalocyanine 48 has also been prepared by heating 46 
with ferrocenecarboxaldehyde (47) using a catalytic amount of acid (Scheme 4).^ ^ 
The electrical conductivity of 48 has been briefly examined but no electrochemical 
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Apart from the above phthalocyanines containing more than one ferrocenyl 
units, there are several monoferrocene-phthalocyanine conjugates appearing in 
literatures which are given below.^ '^^ ^ 
R ^ v ^ 
R ^ , 
R ^ ^ ( ^ S 
R M e 
R = CgHj7 
35 
tgu / ^ yBu 
%该 
N , M \ N 
S^^^^^^^ 
Bu 
M 二 Zn, Co 
tn ^ ( B u 
U " ? ^ S ^ ^ 
t , ^ = ^ N ^ ^ ^ t ^ : ^ _ ^ - ^ 
'Bu^"""""""^ ^ 
t B u ^ ^ ^ N ^ ^ ^ ^ " 丄 
fcg:-M : ^ _ ^ N _ ^ 
t i ^ = = ^ N ^ " ^ ^ " = ^ > ~ ^ ^ ^ ^ ^ 
'Bu^"^""“^ 
M = Zn, Co 
This thesis describes the preparation, spectroscopic, and electrochemical 
studies of two series of ferrocene-containing tetrapyrrole derivatives. Special 
emphasis has been placed on the phthdocyanine system. In the first series, four, 
eight, and sixteen ferrocenyl units are connected to the periphery of a Zn(II) 
36 
phthalocyanine core through oxyethylene linkers.^  In another series, the ferrocenyl 
groups are linked to a 5,15-diphenylporphyrin, phthalocyanine, or 2,3-
naphthalocyanine core through ethynyl moieties. The findings are described in the 
following section. 
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2. RESULTS AND DISCUSSION 
2.1 Ferrocenylphthalocyanines with Oxyethylene Linkers 
2.1.1 Synthesis and Characterization 
2.1.1.1 Preparation ofTetrakis(2-ferrocenylethoxy)phthalocyaninatozinc(II) (55) 
The preparation of this tetraferrocenyl macrocycle involves 2-
ferrocenylethanol (52) as the starting material, which was prepared by the literature 
method with minor modification (Scheme 5)/^  Ferrocene was treated with acetic 
anhydride in 85% phosphoric acid to generate the acetylferrocene (49). Subsequent 
treatment of 49 with sulfur and morpholine gave the thioamide 50, which was 
converted to 51 by the action of 10% K O H in MeOH. Reduction of 51 by LiAlH4 
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Treatment of 52 with 3-nitrophthalonitrile (53) and potassium carbonate in 
D M F afforded the dinitrile 54. Cyclization of this precursor in the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene QDBU) and Zn(0Ac)2'2H20 in ^ -hexanol gave the 
tetrakis(2-ferrocenylethoxy)phthalocyaninatozinc(n) (55) as a mixture of 
constitutional isomers (Scheme 6). In an attempt to prepare a single 1,8,15,22-
tetrasubstituted isomer, 54 was treated with lithium in ^ z-octanol at lower temperature 
(700C).42 After acidification with acetic acid, a deep green solid was obtained of 
which the UV-Vis spectrum showed characteristic pattern for metal-free 
39 
phthalocyanines [X^^ (CHCl3): 320，356, 629，695，730 nm]. Its ^ N M R 
spectrum recorded in CDCl3, however, exhibited complex multiples for the 
phthalocyanine ring protons indicating that a mixture of isomers was produced It is 
worth noting that, under similar reaction conditions, a single isomers could be 
obtained for phthalocyanines containing substituents such as -Od^C^I^Bu， 
-OCH2^u, -OMe, and -OCHEt2 at the 1,8,15,22-positions/'''' It appears that the 
steric as well as the electronic nature of the substituent is crucial in the formation of 
single isomer in the cyclization of3-substituted phthalonitriles，^ 
The ^H N M R spectrum of 55 in CDCl3 is shown in Figure 16，which 
confirms the existence of a mixture of constitutional isomers. The several downfield 
broad bands at 5 6.9-8.9 are assignable to the aromatic ring protons. The broad signals 
at 5 4.6-4.9 and 5 2.8-3.5 are due to the - O C ^ and "Ci^Fc protons, respectively. 
The relatively sharp multiplets at 5 4.1-4.4 are attributed to the ferrocenyl protons. 
The formation of this compound was also confirmed by MALDI-TOF mass 
spectrometry. The spectrum showed an isotopic cluster peaking at m/z 1490.2， 
which could be assigned to the molecular ion of55. 
40 
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2.LL2 Preparation ofOctakis(2-ferrocenylethoxy)phthalocyaninatozinc(I^ (62) 
L^ attempts to prepare octaferrocenylphthalocyanines linked with ester 
moieties, the dinitrile 58 was prepared by the method shown in Scheme 7. 
Deprotonation of ferrocene with w-butyllithium followed by carbonylation with dry 
ice gave the ferrocenecarboxylic acid (44) which was then chlorinated with thionyl 
chloride to generate ferrocenecaibonyl chloride (56).^ ^ Treatment of compound 56 
with 2,3-dicyanohydroquinone (57) under aUcaline conditions gave the dinitrile 58. 
Unfortunately, attempts to cyclize this compound with Zn(OAc)2.2H2〇 and D B U in 
w-pentanol were not successful. This might be due to the alkaline hydrolysis of the 
ester groups. Cyclization was also performed in quinoline, but again no 
phthalocyanine could be obtained. To avoid hydrolysis of the ester groups, 1 -chloro-
2-ferrocenylethane (59)，which was prepared by chlorination of 5 2 , was treated with 
2,3-dicyanohydroquinone (57) under alkaline conditions (Scheme 8). However, the 
desired dinitrile 60 could not be obtained which might be due to the low reactivity of 
the chloride. Thus, 2-ferrocenylethyl tosylate (61)，which was obtained by the 
tosylation of 52,^ was used instead in the substitution reaction giving the desired 
dinitrile in moderate yield (Scheme 9). 
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Treatment of 60 with Zn(OAc)2.2H2O and D B U in n-pentanol at 150^C 
(Scheme 9) gave an intense green mixture, of which the UV-^s spectrum showed a 
sharp Q band at 736 nm indicating the formation of a metallophthalocyanine. 
Compound 62 was unstable and turned yellow during chromatographic purification in 
silica gel. However, the compound could be purified by chromatography on basic 
alumina columns using chloroform and THF (v/v 5 : 1) as eluent Figure 17 displays 
the ^ R N M R spectmm of62 in C^D^, which shows a broad downfield signal at 5 7.59 
assignable to the eight equivalent aromatic protons, broad signals at 5 5.15 and 3.38 
assignable to the -OCi^ and FcC^_Protons, sharp singlets at 5 4.40 and 4.03 which 
are due to the substituted ferrocenyl Cp ring and a sharp singlet at 5 4.15 assignable to 
the imsubstituted ferrocenyl Cp ring. The MALDI-TOF mass spectrum of 62 
showed the molecular ion peaks as an isotopic cluster peaking at m/z 2404.6 with 
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Figure 18. (a) Experimental and (b) simulated pattern for the molecular ion of 62. 
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2.1.1.3 Preparation ofMetal Free Hexadecakis(2-ferrocenylethoxy)phthalocyanine 
(65) 
The tetraferrocenyl dinitriIe 64 was prepared using tetrafluorophthaIonitrile (63) 
and 2-ferrocenylethanol (52) as the starting materials (Scheme 10).^ ^ Substitution 
occun:ed in the presence ofK2CO3 giving 64 in moderate yield Attempts to prepare 
the corresponding zinc phthalocyanine using the above procedure were not successful. 
Cyclization of64 in N, A^ -dimethylamiTioethanol was also performed, but the reaction 
also did not lead to the formation of the expected phthalocyanine. The metal-free 
hexadecakis(2-ferrocenylethoxy)phthalocyanine (65), however, could be prepared in 
15% yield using lithium in ^ z-octanol followed by acid treatment. The reaction 
temperature was critical in the preparation of 65 and should be controlled at ca. 120-
1300C. Higher reaction temperatures would lead to the formation of black mixtures 
with no indication of the presence of65. 
As expected, the ^ H N M R spectrum of 65 in CDCl3 (Figure 19) does not 
show downfield aromatic signals. Several broad bands at ca. 5 3-5 appear which can 
be ascribed to the methylene and ferrocenyl protons. The MALDl-TOF mass 
spectrmn of 65 showed an isotopic cluster peaking at m/'z 4168.6, which could be 
assigned to the molecular ion of65. 
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In attempts to prepare ferrocenyl phthalocyanines with shorter linkers, the 
ferrocenylmethanol (66) was prepared by formylation of ferrocene followed by 
reduction (Scheme 11).招 Treatment of 66 with 3-mtrophthalonitrile (53) or 
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2丄2 Electronic Absorption Spectra 
The UV-Vis spectra of 55 are peculiar and worth mentioning. As shown in 
Figure 20, the spectra of 55 are solvent dependent, ki THF, DMF, and diethyl ether 
solutions, the spectra show a typical Q band at 695-701 nm along with broad signals 
52 
at 316-379 nm due to the phthalocyanine (B band) and ferrocene. Li less polar 
solvents such as toluene, CHCl3, and CH2Cl2, the Q band is broadened and slightly 
shifted to the red (707-718 nm), and an additional band emerges at 752-758 nm (Table 
5). Similar phenomena were observed previously for the Mg(II) and Zn(II) (70) 
complexes of 1,8,15,22-tetrakis(3-pentyloxy)phthalocyanine and the longest-
wavelength band was tentatively attributed to a slipped face-to-face dimer.^ ^^  In 
order to reveal the origin ofthis band, the concentration dependency of the absorption 
spectra of55 and 70 was studied. The latter was prepared according to the literature 
method as shown in Scheme 12.'^ ^ For compound 55 in toluene (Figure 21) or 
CH2Cl2 (Figure 22), the intensity of the “monomer，’ band at ca. 700 nm decreased 
while that ofthe “dimer” band at ca. 760 nm increased with decreasing concentration 
of phthalocyanines (from 1x10"^  to 2xlO_7 mol dm"^). Similar results were also 
observed for 70 (Figure 23). 
Diethyl ether THF D M F Toluene 0 ¾ ( ¾ CHCl3 
" " " Q ^ 6 ^ W 5 ^ 710,758 718,753~~707,752 
Feirocenyl 7r-7i* 353 366 379 …… 417 413 
transition 
Bband 316 319 321 326 327 326 
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Figure 20. UV-Vis spectra of 55 (a) in diethyl ether，THF and D M F (b) in toluene, 
CH2Cl2 and CHCl3. 
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Figure 21. UV-Vis spectra of 55 in toluene with different concentration. 
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Figure 22. UV-Vis spectra of 55 in CH2Cl2 with different concentration. 
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Figure 23. UV-Vis spectra of 70 in CH2Cl2 with different concentration. 
Compound 70 showed a fluorescence emission at 714 nm in CH2Cl2 upon 
excitation at 630 nm OFigure 24); no emission was observed at a wavelength longer 
than 760 nm indicating that the species absorbing at 760 nm was not fluorescent 
The spectral changes ofaCH2Cl2 solution of 70 after ultrasonic treatment were also 
examined The "dimer" band became more intense while the "monomef' band 
together with the fluorescence at 714 nm was significantly weakened All the 
observation suggested that the longer-wavelength absorption may not be due to a 
cofacial dimer which is expected to be dominant in higher concentrations as in the 
57 
cases ofzinc(n)49 and aluminum(ni)^® complexes of tetrasulfonatophthalocyanine in 
MeGSr/H2O and aqueous alcohol, respectively, which were also assumed to adapt a 
dimeric structure with a face-to-face slipped or tilted conformation. The dimer of 
the former zinc(n) complex was also found to be emissive which again contradicts 
our resuhs, Thus the exact nature of this band remains to be explored. 
. ^ 4 。 ： A I 30- / \ 
I 2。： / \ 
^ . 夕 V _ ^ 
0- r ^ ^ ^ ^ 
640 660 680 700 720 740 760 780 800 
Wavelength / n m 
Figure 24, Fluorescence spectrum of 70 in CR2^h upon excitation at 630 nm. 
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The UV-Vis spectra ofphthalocyanines 62 (Figure 25) and 65 (Figure 26) in 
THF were also recorded and the data are tabulated in Table 6. By comparing these 
two spectra with that of 55, the Q band shifts to the red as the number of electron 
donating ferrocenylethoxyl groups increases. All the spectra show relatively sharp Q 
band indicating that the degree of aggregation is not significant for these compounds 
in THF. The spectrum of 65 shows a shoulder near the Q band. This is consistent 
with the typically split Q bands for metal-free phthalocyanines which are not well 
resolved in this case. 
^ L : : : r = : ^ 
300 400 500 600 700 800 
Wavelength / n m 
Figure 25. UY-Vis spectrum of 62 in THF. 
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* ^ ^ ^ X _ y A 
. I • ‘ . I > 1 ‘ 1 
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Wavelength / n m 
Figure 26. UV-Vis spectrum of 65 in THF. 
Compound Qband Ferrocenyl band Bband 
^ 6 ^ ^ ^ 
62 737 382 326 
65 756 381 325 
Table 6. UV-Vis spectral data of 55，62，and 65 in THF (in nm). 
2.1.3 Electrochemical Studies 
The electrochemical properties of all the ferrocenyl phthalonitriles and 
phthalocyanines were investigated by cyclic voltammetry and the data are collected in 
60 
Table 7. The voltammograms of the dinitriles 54, 60 and 64 in D M F showed two 
couples at ca. 0.0 and -2.0 V assignable to the ferrocene (oxidation to ferrocenium 
cation) and dicyanobenzene (reduction to the corresponding radical anion) moieties, 
respectively. By comparing the reduction potential ofbenzonitrile (-2.32 V vs. SCE 
or -2.63 V vs. Ag-Ag+ in MeCN),,52 phthalonitrile (34), and these compounds (Table 
7)，it is clear that the electron withdrawing cyano group greatly facilitates the addition 
of electron to the % system while the electron donating 2-ferrocenylethoxy group 
makes the reduction more difficult. Based on the separation between the anodic and 
cathodic potentials (AE) and the plots ofpeak current vs. square root ofthe scan rate 
which showed deviation from a straight line at higher scan rates, all these couples 
were regarded as quasi-reversible, except the phthalonitrile reduction of64 which was 
basically irreversible. Addition of ferrocene to the solution of 64 only increased the 
cathodic and anodic current without significantly shifting or splitting the potential. 
This indicated that the ferrocenyl units in 64 are electrochemically very similar to free 
ferrocene. The voltammogram of ferrocene was also recorded imder identical 
conditions. The peak currents for the ferrocene-ferrocenium couple were much 
lower than those of 64 in the same concentration showing that 64 may undergo a 














































































































































































































































































































































































































































































































































































All the voltammograms of phthalocyanines 55 (Figure 27), 62 (Figure 28) 
and 65 ^ "igure 29) showed a quasi-reversible oxidation attributed to the ferrocenyl 
units together with one to two quasi-reversible oxidation and up to three quasi-
reversible reductions due to the phthalocyanine n system (Table 7).53 As 65 was not 
soluble in DMF, the voltammogram was recorded in 0 ¾ ¾ . The potential 
difference between the first oxidation and reduction couples for phthalocyanines is 
related to the energy gap between their H O M O and LUMO. The values for these 
ferrocenylphthalocyanines are very similar and fall in the normal region (1.5-1.7 V) 
reported for other phthalocyanines." As shown in Figures 27-29，a remarkable trend 
is the increase of relative peak currents of the ferrocene couple with respect to either 
one of the phthalocyanine couples as the number of ferrocenyl units increased from 
four, eight to sixteen in a molecule. A sharp cathodic stripping peak was observed 
for the ferrocene couple of 65 with a peak current ratio | ip^ /ipc 1 much smaller than 
unity (0.37). This waveform suggested that adsorption of the oxidized product onto 
the electrode may occur which was also seen for some ferrocene^ ontaining 
dendrimers.24^ 35 Addition of a small amount ofMeCN (v/v 1:5 to CH2Cl2) reduced 
the peak-to-peak separation (AE) of the ferrocene couple to 126 m V This however 
could not solve the problem of adsorption (| i^^/i^^ I = 0.25) and the other redox 
couples for phthalocyanine turned to be even weaker. The voltammogram of 65 in 
63 
THF gave a higher peak current ratio (| i^Ji^^ I = 0.57) for the ferrocene couple 
showing that this solvent can better dissolve the oxidized product and relieve the 
adsorption. The couple however became less reversible as shown by the large peak-
to-peak separation (420 mV). Lti all cases, no splitting of the ferrocene couple was 
observed. It appeared that all the ferrocenyl moieties attached to these 
phthalocyanines behave independently and are oxidized at the same potential. 
15「 
10- Fc/Fc+ I 
• Ei/2 = + 4 4 m V I 
• ” N ^ ^ 
r : /i"^^ 
- ' ： M 
-10 ‘ ‘ ‘ ‘ ‘ ‘ “ ‘ 
iU 1 0 -1 -2 -3 
Potential / V 
Figure 27. Cyclic voltammogram of 55 in D M F containing 0.1 M P^U4][ClO4] 
at a scan rate of 100 m V s"^ 
64 
4 r + 
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- 6 _ 
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Figure 28. Cyclic voltammogram of 62 in D M F containing 0.1 M pNBu4][ClO4] 
at a scan rate of 20 m V s"^ . 
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Figure 29. Cyclic voltammogram of65 in CH2Cl2 containing 0.1 M pSfBu4][ClO4] 
at a scan rate of 100 m V s_、 65 
The electronic interaction between the ferrocenyl units and the macrocyclic 
core in these ferrocenylphthalocyanines also seemed to be insignificant in the ground 
state. This was based on the observation that the absorption spectrum of 70 mixed 
with four equivalents of fen-ocene was almost identical with that of 55 in CHCl3 
(Figure 30). The ferrocenyl moieties, however, were very efficient to quench the 
excited state of 55 for which no fluorescence was observed. We attributed this 
quenching to a photoinduced electron transfer (PET) in which ferrocene behaves as an 
electron donor. The overall free energy change for this PET was determined by the 
Rehn-Weller equation, 
AGO = ePi/2(D'+/D)- E1/2(A/A-)].AE(O,O)-Wp 
where e is the charge on the electron，Ey2 is half-wave reduction for potential either 
for the donor (D—A3) or acceptor (A/A._) couples in volts, AE(0,0) is the relevant 
singlet state energy, and Wp is a Coulombic interaction term between the oxidized 
donor and reduced acceptor. For polar solvents with a high dielectric constant, this 
term is usually small (<0.1 eV) and is neglected here) Based on the electrochemical 
data for 55 (Table 7) and the value of AE(0,0) for phthalocyaninatozinc(II) (1.83 
eV)," the value of AG° was determined to be ~0.48 eV showing that this PET is a 
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thermodynamically favorable process. The alternative quenching pathway by energy 
transfer from the phthalocyanine's S^ state to ferrocene is excluded because of its 
endothermic nature (the S| state of ferrocene at 2.46 eV).^ ^ The estimated value of 
AG° for this system is of the same order with and lies between those of 
octamethylporphyrins linked with a ferrocenyl group at a meso-position (ca. ~0.1 
eV)9h and the ferrocenylporphyrin containing three cationic pyridinum moieties at the 
meso-positions (-0.66 eV)， 
5.0r 
- 4 . 5 : 
•g 4.0: 
二 3 . 5 : 
―力 3.0 _ : 
S 2.5 -
uQ 2.0 - . 
^ h \ .j^% 
A A 1 . I / ^ ^ - ^ I 1 ' - - - J - ^ ^ , 1 1 ~ _ ^ 1 • ， ‘ 1 • I 
300 400 500 600 700 800 
Wavelength / n m 
Figure 30. Absorption spectra of a mixture of ferrocene and 70 (4:1) (...) and 55 
(-)inCHCl3. 
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2.2 Ferrocenyl Tetrapyrroles with Ethynyl Linkers 
2.2.1 Synthesis and Characterization 
As the shortage of electronic interactions between the ferrocenyl groups in 
55，62, and 65 may be attributed to the saturated nature of the linkers, we therefore 
prepared another series of tetrapyrrole derivatives in which the ferrocenyi units are 
connected to the macrocycles with unsaturated ethynyl bridges. The synthesis 
involved ferrocenylethyne and dicyano-dihalobetizene and naphthalene as the starting 
materials which were prepared by the published methods. 
Formylation of acetylferrocene (49) followed by basic workup gave 
(l-chloro-2-formylvinyl)ferrocene (71)，which upon basic hydrolysis, was converted 
to ferrocenyiethyne (72) (Scheme 13).^ ^ 
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Scheme 20 
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72 
Treatment of 4,5-dichloro-l,2-benzenedicarboxylic acid (73) with acetic 
anhydride gave 5,6- dichioro-1,3-isobenzofeandione (74)，which was then refluxed in 
formamide to generate 5,6-dichloro-lF-isoindole-l,3(2//)-dione (75). Compound 
75 was then converted to 4,5-dichloro-l,2-benzenedicarboxamide (76) by the action 
‘ . 
of ammonia solution. Upon treatment with thionyl chloride in DMF, compound 76 
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The dibromonaphthalene analog 81 was prepared according to Scheme 15.^ ^ 
Bromination of o-xylene (78) in the presence of iodine generated l,2-dibromo^,5-
dimethylbenzene (79). Li the presence of dibenzoyl peroxide, compound 79 was 
further brominated using iV-bromosuccinimide to give l,2-dibromo^,5-
bis(dibromomethyl)benzene (80). Reaction of 80 with tomaronitrile and sodium 
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2 2.1.1 Preparation of Octakisffkrrocenykthynyl)phthahcyaninato2:inc(II) (83) 
By using the well-established palladium-mediated cross-coupling 
reactions,^  ferrocenylethyne (72) was coupled with 1,2^chloro^,5^cyanobenzene 
(77) to afford the dinitrile 82，which underwent typical cyclization in the presence of 
D B U and Zn(OAc)2.2H2O in ^ -pentanol to give the desired phthalocyanine 83 
(Scheme 16). This compound, having a large conjugated 71-system, was found to be 
highly aggregated and could only be purified by Soxhlet extraction; the macrocycle 
was stuck in silica gel or alumina columns during chromatography. The compound 
was preliminary characterized with MALDI-TOF mass spectroscopy which showed 
‘ 71 
an isotopic cluster peaking at m/z 2242.6 assignable to the M ^ species. The UV-Vis 
spectrum recorded in THF showed only a weak Q band at 732 nm. Due to the 
molecular association, the B band was embedded in the background signal which was 
very intense. Li order to relieve the extent of aggregation, a mixed cyclization was 
performed using the dinitriles 82 and 84 (15 : 1)严 which contains three long 
dodecyloxy carbon chains. Under identical conditions, the reaction produced the 
expected self-cyclized product 83 in 2% yield together with a trace amount of the “3 + 
r unsymmetrical product 85 (Scheme 17). To our surprise, both of these 
compounds could be purified by column chromatography. It is likely that the n-% 
interactions between the molecules of 83 are disrupted by 85 which facilitates the 
chromatographic purification. The MALDI-TOF mass spectrum of 83, obtained by 
this mixed-cyclization method, also showed an isotopic cluster corresponding to the 
molecular ion, but the intensity was higher than that for the product isolated in the 
self-cyclization procedure. This suggested that the laser-assisted desorption process 
is easier for samples with less significant molecular aggregation. The UV-Vis 
spectrum of83 OFigure 31), purified by chromatography, is well-resolved and displays 
a typical spectrum of non-aggregated phthalocyanines. Due to the presence of eight 
ferrocenylethynyl moieties, both of the B (377 mn) and Q (736 nm) bands are 
bathochromic shifted comparing with those of the unsubstituted analog (^ ^讓二 345 
72 
and 672 nm in DMSO).'' The 屯 N M R spectrum of 83 in CDCl3 or pyridine-d5 
showed only the signals due to the ferrocenyl moieties; the aromatic signal could not 
be observed. As the concentration of solution for ^ H N M R measurements is usually 
much higher (about two order of magnitude) than that for UV-Vis spectroscopic 
studies, the absence of the aromatic signal may be due to an aggregation phenomenon 
as suggested previously.^ ^ The JR spectrum of 83 showed a sharp peak at 2200 cm'^ 
which indicates the presence of triple bonds in the molecule. Attempts to obtain 
satisfactory analytical data of 83, unfortunately, were not successful which may be 
due to the presence oftraces of impurities or the difficulty in complete combustion of 
this type of compounds." The formation of the unsynunetrical analog 85 was 
supported by MALDI-TOF mass spectroscopy QA^ cluster at m/z 2485.5). 
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Figure 31. UV-Vis spectrum of 83 in THF. 
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2,2,1.2 Preparation of Octakis(ferrocenylethynyl)naphthalocyanimtozincGI) (87) 
The ferrocenylnaphthalocyanine 87 was also prepared in a similar manner 
using dicyanonaphthalene 86 as the precursor, which was generated by palladium-
mediated cross-coupling reaction of ferrocenylethyne (72) and 2,3-dibromo-6,7-
dicyanonaphthalene (81) (Scheme 18). Self-cyclization of dinitrile 86 in the 
presence of D B U and Zn(OAc)2.2H2O in w-pentanol gave the first ferrocenyl 
naphthalocyanine 87 m 31% yield Again, due to the problem of aggregation, this 
compound could only be purified by Soxhlet extraction. The formation of tbis novel 
macrocycle was confmned by MALDI-TOF mass spectroscopy which showed the 
molecular ion cluster at m/z 2442.0. The UV-Vis spectrum of 87 in THF showed a 
typical naphthalocyanine spectrum, but again aggregation seemed to be significant. 
We therefore employed the mixed cyclization procedure as shown in Scheme 19. 
Treatment of 15 equiv. of 86 with 1 equiv. 84, under normal cyclization conditions, 
gave the self-cyclized product 87 and the "3 + 1” product 88, which could be 
separated by column chromatography. 
The MALDl-TOF mass spectrum of 87, obtained by this mixed cyclization 
method, also showed the molecular ion isotopic cluster with a relatively high intensity. 
The corresponding cluster for 88 appeared at m/z 2635.9. Both compounds gave 
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well-resolved UV-Vis spectra (Figures 32 and 33) showing that aggregation is not 
significant for these compounds under these conditions. As expected, the Q band 
(87: 792 mn; 88: 763 nm) was red-shifted comparing with that of 83 and the 
unsubstituted analog， The Hl spectra of 87 and 88 exhibited a strong band at 2200 
cm"^ indicating the existence ofthe C=C triple bonds in the molecule. Vety intense 
C-H stretching bands at 2853 and 2923 cm'^ were also observed for 88. Attempts to 
obtain satisfactory N M R data for these macrocycles, unfortunately, were not 
successful which could be related to the highly aggregation tendency for these large 
7i-systems. Analytical data for this compound again were not entirely satisfactory as 
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Figure 32. UV-Vis spectrum of 87 in THF. 
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2.2.13 Preparation of 5,15-bisffkrrocenykthynyl)-10,20-diphenylporphyrinato-
nickel(II) (90) 
The bis(ferrocenyl)porphyrin 90 was prepared by palladium-catalyzed 
coupling reaction of 72 and dibromo-porphyrin 89，which could be prepared readily 
by the literature method.^ (Scheme 20). Figure 34 displays the 屯 N M R spectrum 
of90 in CDCl3, which shows two downfield doublets at 5 9.46 and 8.72 assignable to 
the pyrrolic protons，two broad signals at 5 8.00 and 7.71 assignable to the phenyl 
protons, and two broad signals at 6 4.89 and 4.44 which are due to the ferrocenyl 
protons. The UV-Vis spectrum of 90 (Figure 35) is typical for metalloporphyrins 
and exhibits a Q band at 624 nm and a Soret band at 433 nm. As expected, the Soret 
band of 90 is significantly shifted to the red by comparing with that of 89 (420 mn), 
due to the two conjugated fen-ocenylethynyl moieties. No fluorescence emission of 
83, 87，and 90 in CHCl3 could be observed. As ferrocene is a well known electron 
donor, the quenching could be attributed to a photo-induced electron transfer process 
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Figure 35. UV-Vis spectrum of 90 in THF. 
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2.2.2 Electrochemical Studies 
The electrochemical properties of the ferrocenyl phthalonitrile 82, 
naphthalonitriIe 86，and the tetrapyrrole derivatives 83，87，and 90 were investigated 
by cyclic voltammetry and the data are summarized in Table 8. The voltammograms 
of the dinitriles 82 and 86 in 0 ¾ ( ¾ exhibited two couples at ca. 0.3 and -1.7 V 
(Table 8), which can be attributed to the oxidation of the ferrocenyl groups and the 
reduction of the cyano-benzene on naphthalene moieties, respectively. The P"c/Fc+ 
potentials are more positive while the ring reduction potentials are less negative by 
comparing with those of the dinitriles 54，60, and 64 (Table 7). These results 
showed that, due to the conjugation effects, the oxidation of the ferrocenyl moieties is 
more difficult and the reduction of the dicyanobenzene and naphthalene becomes 
easier in 82 and 86. Based on the separation between the anodic and cathodic 
potentials (AE), all these couples were regarded as quasi-reversible, except the 
ferrocenyl oxidation of 86 which was basically irreversible. After adding ferrocene 
to the solutions of these dinitriles, the cathodic and anodic currents for the Fc/Fc+ 
couple increased without significantly shifting or splitting the potentials. This 
indicated that the ferrocenyl units in these dinitriles are electrochemically very similar 
to free ferrocene. As the peak currents for the Fc/Fc+ couple were approximately 
84 
two-fold higher than those for the ring reduction, the former may be attributed to a 
two-electron redox process. 
Figures 36-38 give the cyclic voltammograms of 83, 87, and 90 using a 
platinum disc working electrode. Both voltammograms of 83 and 87 show a quasi-
reversible oxidation at 230-250 m V due to the ferrocenyl substituents, and for the 
latter, two more quasi-reversible ring reduction processes are also revealed (Figures 
36 and 37). As shown in Figure 38, the voltammogram of the porphyrin analog 90 
displays extra oxidation couples. The oxidation wave at 0.31 V is due to the Fc/Fc+ 
oxidation while the two other waves at ca. 0.8 V are due to the Ni(n)M(III) and 
porphyrin ring oxidation. It is worth noting that the anodic peaks for the oxidation 
couples diminished and vanished eventually after repeated scans. This is probably 
due to the deposition ofinsoluble oxidized species on the electrode surface, which can 
be remedied by polishing the electrode sirface after every scan. Based on the peak 
currents for the Fc/Fc+ couple and the ring/ring- couple, it is likely that the oxidation 
ofthe ferrocenyl groups is a multi-electron process. 
All the voltanunograms exhibit no splitting of the ferrocenyl couple even at 
a very slow scan rate (up to 10 m V s]). Merestingly, when a platinum microsphere 
working electrode was used, the ferrocenyl couple for all these tetrapyrrole 
derivatives exhibited a splitting at slow scan rates. As shown in Figure 39, there are 
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two poorly-resolved couples for the oxidation of ferrocene with a separation of 63 m V 
(Table 9). This suggests that the ferrocenyl units in 83 are weakly coupled The 
voltammograms of 87 and 90 are peculiar (Figures 40 and 41). There is a diffusion 
controlled anodic peak but the cathodic peak is clearly split into two. Moreover, 
adsorption of the oxidized product on the electrode is significant, in particular, for the 
naphthalocyanine 87. The splitting of the cathodic peak may also be ascribed to a 
metal-metal interaction. However, it is also possible that there are two different 
types of layers on the electrode surface which undergo electrochemical reduction at 
different potentials. Thus, the exact origin for the splitting remains elusive and 
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Figure 36. Cyclic voltammogram of 83 in THF containing 0.1 M p^U4][ClO4] at 
a scan rate of20 m V s"^  (using a platinum disc working electrode). 
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Figure 37. Cyclic voltammogram of 87 in THF containing 0.1 M p^JBu4][C104] at 
a scan rate of20 m V s] (using a platinum disc working electrode). 
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Figure 38. Cyclic voltammogram of 90 in 0 ¾ ¾ containing 0.1 M 岡〜][0〇4] 
at a scan rate of 100 m V s"^  (using a platinum disc working electrode). 
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Figure 39. Cyclic voltammogram of 83 in THF containing 0.1 M [NB〜][Cl〇4] at 
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Figure 40. Cyclic voltammogram of 87 in THF containing 0.1 M p^U4][ClO4] at 
a scan rate of 20 m V s_l (using a platinum microsphere working 
electrode). 
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Figure 41. Cyclic voltammogram of 90 in CE^Ch containing 0.1 M P^U4][ClO4] 
at a scan rate of 10 m V s_l (using a platinum microsphere working 
electrode). 
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~ C o m p o u n d E ^ E ^ ^ 
83 ilj m ^ 
87 64 133 69 
90。 174 286 112 
a Recorded with pvBu4][C104] as electrolyte in THF (0.1 mol dm_3) at ambient 
temperature with a scan rate of 20 m V s"^ unless otherwise stated. ^ Ep^ = cathodic 
potential. ° Jn ( ¾ ¾ with a scan rate of 10 m V s"^ . 
Table 9. Electrochemical data of the Fc/Fc+ couples for 83, 87，and 90 using a 
platinum microsphere working electrode, 
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2.3 Conclusion 
W e have prepared two series of ferrocenyl tetrapyrrole derivatives. The 
first series contains four, eight, and sixteen 2-ferrocenylethoxy moieties on the 
periphery of a zinc(II) phthalocyanine core. Due to the saturated nature of the 
linkers, the ferrocenyl units appear to be electrochemically independent and oxidize at 
the same potential. Jn the other series, the ferrocenyl groups are connected to a 
porphyrin, phthalocyanine, and 2,3-naphthalocyanine core through unsaturated 
ethynyl bridges. Electrochemical studies showed that the redox-active ferrocenyl 
units are weakly coupled in these systems. 
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3. EXPERIMENTAL SECTION 
3.1 General Methods 
Reactions were performed under an atmosphere of nitrogen. THF and 
diethyl ether were distilled from sodium benzophenone ketyl. /？-Pentanol and 
w-hexanol were distilled from sodium prior to use. Triethylamine was distilled from 
potassium hydroxide. Hexanes used in column chromatography and petroleum ether 
were distilled from anhydrous CaC、. Cohmrn chromatographic purifications were 
carried out on silica gel column QVIacherey-Nagel, 70-230 mesh) with the indicated 
eluents unless otherwise stated. The electrolyte Pu4N][ClO4] and PBU4N]PPF5] 
were recrystallized from dry acetone and THF, respectively, three times prior to use. 
All other reagents and solvents were of reagent grade and used as received. 
3.2 Physical Measurements 
Melting points were uncorrected. ^ and ^ ^C N M R spectra were recorded 
on a Bruker DPX300 spectrometer (¾, 300; ^ ¾, 75.4 MHz) in CDCl3 solutions 
unless otherwise stated. Spectra were referenced internally using the residual 
solvent (lH: CDCl3, 5 7.26) or solvent O^C: CDCl3, 6 77.0) resonances relative to 
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SiMe4. ni spectra were measured on a Nicolet Magna 550 FT-IR spectrometer as 
KBr pellets. UV-Vis and fluorescence spectra were taken on a Hitachi U-3300 
spectrophotometer and Hitachi F>4500 spectrofluorometer, respectively. LSI mass 
spectra were recorded on a Bruker APEX 47e FT-ICR mass spectrometer with a 3-
nitrobenzyl alcohol matrix. MALDI-TOF spectra were obtained on a Bruker bench 
TOF mass spectrometer equipped with a standard UV-laser desorption source, using 
a -cyano-4-hydroxycinnamic acid as matrix. Elemental analyses were performed by 
the Shanghai Listitute ofOrganic Chemistry, Chinese Academy of Sciences. 
Electrochemical measurements were carried out on a BAS CV-50W 
voltammetric analyzer. The cell comprised inlets for a platinum-sphere (or platinum 
disk) working electrode, a platinum-plate counter electrode, and a Ag-AgNO3 (0.1 
mol dm-3 in MeCN) reference electrode which was connected to the solution by a 
Luggin capillary whose tip was placed close to the working electrode. Typically, a 
0.1 mol dm-3 solution of pBu4N]DPF5] in CP^Cl〗 (unless otherwise stated) containing 
1.0 nrniol dm_3 of sample was purged with nitrogen for 20 min., then the 
voltammograms were recorded at ambient temperature. Potentials were referenced 
to the Ag-Ag+ couple in MeCN. 
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3.3 Synthesis of Ferrocenylphthalocyanines with Oxyethylene Linkers 
Acetylferrocene (49)/^  A mixture of ferrocene (34 g, 0.18 mol), acetic 
anhydride (90.0 mL, 0.95 mmol), and 85% phosphoric acid (7.3 mL, 0.13 mmol) was 
stirred at 100^C for 1 h. The resulting mixture was briefly cooled then poured into 
ice (500 mL), and was allowed to stand overnight. Na2CO3 (73 g) was added 
carefully to neutralize the mixture. The orange-brown paste was filtered and washed 
with water (4 x 100 mL). The product was purified by column chromatography with 
hexanes as eIuent first to remove all the imreacted ferrocene and then with ethyl 
acetate to afford an orange-brown solid (9.4 g，69%). ^H NMR: 5 4.77 (t, /= 1.8 Hz, 
2 H，Fc), 4.50 (t, J= 1.8 Hz, 2 H , Fc), 4.20 (s，5 H, Fc), 2.39 (s, 3 H，CH3). 
Thiomorphylamidomethylferrocene (50).^ ^ A mixture of 49 (9.5 g, 
41.7mmol), sulfur (1,9 g, 59.0 mmol), and morpholine (2.5 mL, 59.0 mmol) was 
stirred at 130^C for 2.5 h, The resulting dark brown mixture was extracted with hot 
methanol (150 mL) which was then poured into water (4 L) to precipitate the product. 
The product was collected by suction filtration and purified by column 
chromatography with ethyl acetate as eluent to afford an orange solid (4.0 g, 29%). 
lH N M R : 5 4,28 (t,J=4.5 Hz, 2 H, Fc), 4.23 (br, s，2 H，Fc), 4.17 (s, 5 H’ Fc), 4.11 
(br. s, 2 H, CH2), 4.07 (br. s, 2 H, 0¾), 3.71 (m, 4 H’ 0¾), 3,53 (m, 2 H, 0¾). 
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2-Ferrocenylethanoic acid (51).^ ^ A mixture of 50 (929 mg, 2.8 mmol) and 
K O H (1 g，18 mmol) in methanol (13 mL) was stirred at reflux for 17 h. The 
resulting mixture was poured into ice water (200 mL) which was washed with diethyl 
ether (200 mL) to remove unreacted 50. The aqueous layer was collected and 
neutralized with conc. HC1 to give a fine yellow precipitate which was filtered and 
then purified by column chromatography with ethyl acetate as eluent to give a yellow 
solid (200 mg, 29%). ^ N M R : 5 4.25 (br. s, 2 H, Fc), 4.16 (br. s, 7 H, Fc), 3.38 (s, 
2H，0¾). 
2-Ferrocenylethanol (52).^ ^ To a suspension 0fLiAlH4 (0.78 g，20.0 mmol) in 
THF (50 mL) was added dropwise a solution of 51 (2.0 g，8.2 mmol) in THF (100 
mL). The mixture was stirred at r.t. for 1 h, then water (10 mL) was added to destroy 
the excess LiAlH4. The resulting mixture was extracted with diethyl ether (3 x 40 
mL) and the combined extracts were dried and evaporated. The residue was purified 
by column chromatography with ethyl acetate as eluent to afford a brown solid (1.4 g, 
74%). lH N M R : 5 4.14 (s, 9 H, Fc), 3.72 (q, J = 4.8 Hz, 2 H, 0¾), 2.59 (t, J = 6.6 
Hz, 2 H , CH2), 1.65 (br. s，1 H, OH). ^^C ( ¾ N M R : 5 84.9, 68.6, 68.5, 67.7, 63.4， 
32.8. 
3-(2-Ferrocenylethoxy)phthaIonitrile (54) — A mixture of 52 (1.15 g, 
5.0 tnmol), 3-nitrophthalonitrile (53) (0.43 g，2.5 mmol) and potassium carbonate 
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(0.69 g, 5.0 mmol) in DMF (3 mL) was stirred at r.t. for 21 h. The volatiles were 
then removed under reduced pressure giving a brown precipitate which was subjected 
to chromatography using THF/hexane (1 : 4) as eluent. Compound 54 was isolated 
as orange-yellow microcrystals (0.24 g, 27%; mp 163-166^C). 屯 N M R 
(CD3SOCD3): 5 7.84 (dd,J = 7.5, 8.4 Hz, 1 H, ArH), 7.66 (d,J= 8.4 Hz, 1 H, ArH), 
7.64 (d,J= 7.5 Hz，1 H, ArH), 4.32 (t,J=6.6 Hz, 2 H, 00¾), 4.23 (t,J= 1.8 Hz, 2 
H，Fc), 4.15 (s，5 H，Fc), 4.08 (t, J = 1.8 Hz，2 H，Fc), 2.80 (t,J= 6.6 Hz, 2 H，FcCH〕). 
13C {lH} N M R : 5 161.3，134.4，125.0, 117.0, 116.6, 115.3, 113.1，104.9，83.8, 70.6， 
69.3，69.0，68.2，29.6. Hl (KBr): v = 2227m cm"^ (C=N). H R M S (LSI): m/z caicd 
for C20Hj5^^FeN2O (M^) 356.0612, found 356.0607. Anal. Calcd for 
C20Hi5FeN2O: C，67.44; H, 4.53; N , 7.86. Found: C, 67.45; H, 4.54; N，7.81. 
Tetrakis(2-ferrocenylethoxy)phthalocyaninatozmc (H) (55) 一 A mixture of 54 
(100 mg，0.28 mmol) and Zn(OAc)2.2H2O (22 mg, 0.10 mmol) in «-hexanol (3 mL) 
was heated to 90°C, then D B U (0.01 mL，0.07 mmol) was added. The mixture was 
stirred at 150°C for 16 h, then the volatiles were removed under reduced pressure. 
The resulting deep green residue was subjected to chromatography using CHCl3 as 
eluent to give 55 as a green solid (80 mg, 77%). ^H N M R : 5 8.38-8.98 (m，4 H, 
ArH), 7.66-8.08 (m，4 H，ArH), 7.00-7.64 (m, 4 H, ArH), 4.544.92 (m，8 H，OCH2), 
4.024.38 (m, 36 H, Fc), 2.86-3.50 (m, 8 H, F c O y . UV-Vis (THF) [X^^ nm (log 
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s)]: 316 (5.41), 347 (5.35)，629 (5.29)，664 (sh), 698 (5.94). M S (MALDI-TOF): an 
isotopic ciuster peaking at m/z 1490.2 (M+). Anal. Calcd for CgQH^Fe4NgO4Zn: C, 
64.48; H, 4.33; N, 7.52. Found: C, 65.28; H, 4.63; N, 7.32. 
Ferrocenecarboxylic acid (44)/^  To a solution of ferrocene (10 g，54 mmol) 
in diethyl ether (120 mL) was added ?2-BuLi in 1.6 M Tz-hexanes (35 mL, 56 mmol). 
The reaction mixture was stirred at r.t. for 2 days, then poured into a beaker of dry ice 
(600 mL). Water (150 mL) was added after all the dry ice evaporated to give two 
layers. The aqueous layer was separated and acidified with conc. HC1 until all the 
product precipitated. The orange powder (3.5 g，28%) was filtered and dried under 
vacuum. !H NMR: 5 4.87 (br. s，2 H, Fc), 4.48. (br. s, 2 H, Fc), 4.27 (s, 5 H, Fc). 
JK (KBr): V = 1643s (C=0) cnH. 
Ferrocenecarbonyl chloride (56)/^  To a solution of 44 (460mg, 2.0 mmol) in 
petroleum ether (bp 4C^0^C) (20 mL) was added dropwise an excess of thionyl 
chloride (1.3 mL, 16 mmol) at r.t. The resulting mixture was heated to 50^C for 2 h, 
then the solvent was removed under reduced pressure and the residue was extracted 
with petroleum ether 彻 40^0^C) (3 x 50 mL). The combined extracts were 
evaporated using a rotatory evaporator to afford a red solid which was used without 
further purification (278 mg, 56%). ^ N M R : 5 4.92 (br. s, 2 H，Fc), 4.64 (br. s, 2 H, 
Fc), 4.34 (s, 5 H, Fc). JR (KBr): v = 1751s cm"^ (C=0). 
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3,6-Bis(ferrocenecarboxylate)phthalonitrile (58). To a solution of 
2,3-dicyanohydroquinone (57) (144 mg，0,9 mmol) in CH2Cl2 (100 mL) was added 
triethylamine (0.5 mL, 3.6 mmol). The resulting mixture was stirred at rt for 5 min, 
then a solution of 56 (894 mg，3.6 mmol) in CH2Cl2 (20 mL) was added via a 
dropping funnel. The resulting mixture was refIuxed ovemight, then the volatiles 
were evaporated in vacuo to give an orange powder which was purified by column 
chromatography with ethyl acetate and hexane (1 : 3) as eluent (150 mg, 29%). ^ 
N M R : 5 7.74 (s，2 H, ArH)，5.03 (br. s，4 H，Fc), 4.62 (br. s, 4 H，Fc), 4.38 (s, 10 H, 
Fc). 13c ( ¾ } N M R : 5 169.0, 150.4, 128.7, 112.0, 73.0, 71.0, 70.6，67.4. JR (KBr): 
V = 2238w (C=N), 1708s (C=0) cm_l. M S (LSI): m h 584 (M^). 
l-Chloro-2-ferrocenylethane (59)/^  To a solution of 52 (500 mg，2.18 mmol) 
in THF (30 mL) was added SOCi2 (0.3 mL, 4.1 mmol) at O^C. The mixture was 
stirred at this temperature for 1 h, then at r.t for a further 1 h. The resulting mixture 
was poured into ice (50 mL) before being extracted with 0 ¾ ( ¾ (3 x 30 mL). The 
combined extracts were washed with saturated aqueous NaHCO3 solution and H^O, 
and then dried over anhydrous Na2SO4. After removing the volatiles under reduced 
pressure, the residue was purified by column chromatography with hexanes as eluent 
to give a yellow solid (324 mg, 60%).屯 NMR: 5 4.11 (br. s，9 H, Fc)，3.60 (t, J = 
7.5 Hz, 2 a OCH2), 2.81 (t，J=7.5 Hz, 2 H，FcCH^). ^ ¾ ( ¾ N M R : 5 85.2，69.2, 
99 
69.0,68,3，45.2, 34.0. MS (EI): m/'z 248 (M^). 
2-Ferrocenylethyl tosylate (61).^  A mixture of 52 (1.0 g, 4.4 mol) and 
/7-toluenesulfonyl chloride (1.0 g，5.2 mol) in pyridine (5 mL) was stirred at 0^C for 
3 h. The resulting brown solution was poured into ice (50 g) and extracted with 
CHCl3 (3 X 50 mL). The combined solution was successively washed with 5% HC1 
solution, a saturated aqueous NaHCO3 solution, and H〗。. The extract was dried 
with anhydrous Na2SO4 and evaporated under reduced pressure. The residue was 
dissolved into hot ^ -hexanes and then filtered. Upon cooling to r.t, orange crystals 
appeared which were collected and dried in vacuo (1.5 g, 90%). ^ ^ M R 5 7.74 (d, 
J = 7.5 Hz, 2 H , ArH), 7.32 (d, J= 7.5 Hz, 2 H , ArH), 4.27 (br. s, 9 H , Fc)，4.06 (br. s， 
2 H, OCH2), 2.54 (br. s, 2 H, FcCH�)，2.44 (s, 3 H, CH3). 
3,6-Bis(2-ferrocenylethoxy)phthalonitrile (60). A mixture of 
2,3-dicyanhydroquinone (57) (200 mg，1.25 mmol) and K2CO3 (700 mg, 5.07 mmol) 
in D M F (4 mL) was stirred at r.t for 15 min. Then, 61 (1.0 g，2.60 mmoi) was then 
added and the mixture was stirred at 90^C for 2 days. The resulting dark brown 
solution was poured into %〇(100 mL) then extracted with CHCl3 (3 x 50 mL). 
The combined extracts were dried with anhydrous Na2SO4 and evaporated in vacuo. 
The residue was purified by column chromatography using CHCl3/hexane (4 : 1) as 
eluent to obtain 60 as a yellow solid (400 mg，55%; mp 198-200<^ C). !H NMR: 5 
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7.04 (s，2 H, ArH), 4.21 (s, 4 H, Fc), 4.14 (s, 10 H, Fc), 4.11 (s, 4 H, Fc), 4.08 (t,J== 
6.3 Hz, 4 H, OCH2), 2.87 (t，J = 6.3 Hz, 4 H, FcCH〗).^¾ {^H} N M R : 5 155.0, 
118.2’ 113.1，105.3，83.5, 70.8, 68.9，68.6, 67.8, 29.7. JK (KBr): v 二 2227m cm_l 
(C=N). H R M S (LSI): m/z calcd for C32H28^^Fe2N2O2 (M^) 584.0849, found 
584.0856. Anal. Calcd for C32H28Fe2N2O2: C, 65.78; H, 4.83; N, 4.79. Found: 
C, 65.18;H,4.67;N, 4.72. 
1,4,8,114548922,25-Octakis(2-ferrocenyiethoxy)phthaiocyaninatozinc (n) 
(62). A mixture of 60 (100 mg, 0.17 mmol) and Zn(0Ac)2*2H20 (22 mg，0.1 mmol) 
in w-pentanol (3 mL) was heated to 90°C, then D B U (0.01 mL, 0.07 nunol) was added. 
The mixture was stirred at 150^C overnight’ then poured into a mixture of methanol 
and water (1 : 1，50 mL). The precipitate formed was filtered and chromatographed 
on a base alumina column using CHCl3/THF (5 : 1) as eluent to give 62 as a green 
powder (54 mg, 53%). ^ N M R (C^D^): 5 7.48 (br. s, 8 H, ArH), 5.04 (br. s，16 H, 
OCH2), 4.29 (s, 16 H, Fc), 4.07 (s, 40 H，Fc), 3.92 (s, 16 H，Fc), 3.27 (br. s，16 H， 
FcCH2). UV-Vis (THF) [A^ max 肺(^<>g )^]- 327 (5.15), 661 (5.04), 736 (5.72). 
M S (MAT.DT-TOF): an isotopic cluster peaking at mJz 2404.6 (>f^ ). Anal. Calcd for 
CusHmFesNsAZn: C, 63.99; H, 4.70; N, 4.66. Found: C, 62.66; H, 4.71; 
N, 4.45. 
3,4,5,6-Tetrakis(2-ferrocenyIethoxy)phthalonitrile (64). A mixture of 52 
‘ 101 
(1.38 g, 6.0 mmol), tetrafluorophthalonitrile 63 (0.10 g, 0.5 mmol) and K2CO3 (0.83 g， 
6.0 mmol) in D M F (5 mL) was stirred at 100^C for 24 h, then poured into water 
(50 mL). The mixture was extracted with CHCl3 (3 x 30 mL) and the combined 
extracts were dried over anhydrous Na2SO4 and removed in a rotatory evaporator. 
The crude product was purified by column chromatography with toluene as eIuent to 
afford a yellow solid (265 mg, 51%, mp 139-14PC). ^ NMR: 5 4.0-4.3 (m, 44 H， 
Fc & OOy，2.76 (br. s，4 H，FcCiy，2.67 (br. s, 4 H, F c O y . ^ ¾ ( ¾ N M R : 5 
152,7, 150.7, 113.1, 104,5, 84.3, 83.8, 75,7, 74.9，69.3，69.2’ 68.7，68.2，67,8，30,5, 
30.4. JR (KBr): v = 2231m cm_l (C=N). M S (LSI): an isotopic cluster peaking at 
m/z 1040.14 (M^). Anal. Calcd for C56H52Fe4N2O4: C, 64.65; H，5.04; N，2.69. 
Found: C，64.54; H，5.06; N，2.72. 
Hexadecakis(2-ferrocenylethoxy)phthalocyanine (65). Lithium (10 mg, 
1.44 mmol) was suspended in w-octanol (3 mL). The suspension was stirred at 
150^C until the solution became clear. The homogenous solution was cooled to 
90°C, then dinitrile 64 (100 mg, 0.10 mmol) was added. The temperature was 
increased to 120^C where the mixture was stirred for 4 h. Glacial acetic acid (3 mL) 
was then added and the mixture was kept at this temperature for 15 min before being 
poured into a mixture ofmethanol and water (1 : 1，50 mL). The precipitate formed 
was filtered and subjected to column chromatography with CHCl3A'HF (10 : 1) as 
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eluent to give a green powder (15 mg, 15%). ^ N M R : 6 5.08 (br. s, 16 H, OCH�)， 
4.58 (br. s, 16 H, 0 0 ¾ ) , 4.35 (br. s, 16 H, Fc), 4.084.23 (m, 96 H, Fc), 3.98 (br. s， 
32 H, Fc), 3.18 (br. s, 16 H, FcCH?), 3.08(br. s, 16 H, FcCH^). UV-Vis (THF) 
[A.j^^nm(log 8)]: 323 (5.21), 349 (5.16), 386 (5.13), 669 (5.01)，692 (5.04), 732 (sh), 
756 (5.62). M S QVIALDI-TOF): an isotopic cluster peaking at m/z 4168.6 (^). 
Anal. Calcd for C224il2i0^^l6^%^l6' C，64.62; H, 5.08; N，2.69. Found: C，64.31; 
H,5.21;N, 2.66. 
Ferrocenecarboxyaldehyde (47).^ A mixture of D M F (10 mL) and POCl3 
(11 mL) was stirred at r.t. for 1 h. Ferrocene (5.0 g，27 mmol) was dissolved in 
CH2Cl2 (20 mL) and added dropwise into this Vilsmeier reagent imder vigorous 
stirring. The mixture was then heated at 50^C for 3 days under an atmosphere of 
nitrogen. After cooling to r.t., saturated NaOAc (lOOmL) was added dropwise to 
quench the excess POCl3. The mixture was then extracted with chloroform (3 x 
50 mL) and the combined extracts were evaporated at reduced pressure. The crude 
product was purified by column chromatography with benzene as eluent to afford a 
dark red solid (2.0 g，35%). ^ N M R : 5 9.96 (s, 1 H, CHO), 4.79 Q^ r. s，2 H, Fc), 
4.61 (br. s, 2 a Fc), 4.28 (s, 5 H, Fc). 
FerrocenyLmethanoI (66>招 A suspension of 47 (100 mg, 0.47 mmol) and 
sodium borohydride (177 mg, 4,7 mmol) in 0 ¾ ¾ (3 mL) and methanol (7 mL) was 
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stirred at r.t for 2 h. Water (20 mL) was then added and the mixture was extracted 
with chloroform (3 x 30 mL). The combined extracts were dried and the solvent was 
removed in a rotatory evaporator to give a residue which was purified by column 
chromatography with chloroform as eluent to obtain a yellow solid (98 mg，97%). 
iH N M R : 5 4.31 (d, J = 5.1 Hz，2 H，00¾), 4.27 (br. s，2 H，Fc), 4.21 (s, 7 H , Fc), 
1.25 (br. s, 1 H, OH). 
3-{3-Pentyloxy)phthalonitrile (68)/^  A mixture of 53 (0.43 g, 2.5 mmol), 
3-pentanol (67) (0.45 g, 5.0 mmol), and K2CO3 (1.03 g, 10.0 mmol) in D M F (5 mL) 
was stirred at 60。。overnight, then poured into water (50 mL). The mixture was 
extracted with diethyl ether (3 x 30 mL) and the combined extracts were dried over 
anhydrous Na2SO4 and evaporated using a rotatory evaporator. The crude product 
was purified by colmrni chromatography with ethyl acetate and hexane (1 :1) as eluent 
to afford a white solid (410 mg, 77%). !H NMR: 5 7.60 (dd, J = 7.7, 8.6 Hz, 1 H, 
ArH), 7.30 (d,J= 7.7 Hz, 1 H, ArH), 7.20 (d,J= 8.8 Hz, 1 H, ArH), 4.30 (quintet, J 
=5.8 Hz, 1 H, OCH), 1.81-1.61,(m, 4 H，0¾), 1.01-0.91 (m, 6 H，CH3). 
l,8,15^2-Tetrakis(3-pentyloxy)phthalocyanine (69)/^  A suspension of 
lithium (15 mg，2.14 mmol) in «-octanol (5 mL) was stirred at 150°C until the 
solution became clear. The homogenous solution was cooled to 60^C, then dinitrile 
68 (100 mg, 0.47 mmol) was added The temperature was increased to 70^C where 
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the mixture was stirred for 4 h. Glacial acetic acid (4 mL) was then added and the 
mixture was kept at this temperature for 15 min before being poured into a mixture of 
methanol and water (1 : 1, 50 mL). The precipitate formed was filtered and 
subjected to coiumn chromatography with CHCl3ArHF (10 : 1) as eluent to give a 
green powder (30 mg, 30%). ^ N M R : 5 9.06 (d, J = 6.0 Hz, 4 H，ArH), 8.12 (dd, J 
=6.0, 9.0 Hz, 4 H, ArH), 7.52 (d,/= 9.0 Hz, 4 H, ArH), 4.92 (quintet,J=6.0 Hz, 4 
H, CH), 2.47-2.29 (m, 8 H, 0¾), 2.27-2.18 (m，8 H，0¾), 1.38 (t, J = 6.0 Hz, 24 H, 
CH3). 
l,8,15,22-Tetrakis(3-pentyloxy)phthalocyaninatozmcODO (70)/^  A mixture 
of69 (100 mg, 0.12 nunol) and Zn(0Ac)2.2H20 (26 mg, 0.12 mmol) in D M F (3 mL) 
was heated to 150^C for 4 h. The voIatiles were removed under reduced pressure to 
give a deep green residue which was subjected to chromatography using CHCl3 as 
eluent (96 mg, 90%). !H NMR: 5 8.30 (br. s, 4 H, ArH), 7.98 (dd, J = 7.5, 7.8 Hz, 
4 H, ArH), 7.52 (d,J=7.8 Hz, 4 H, ArH), 4.81 (br. s，4 H，CH), 2.30-2.25 (m，8 H, 
0¾), 2.17-2.12 (m, 8 H, €^),^.32-1.25 (m, 24 H, CH3). 
3.4 Synthesis of Ferrocenyl Tetrapyrrole Derivatives with Ethynyl 
Linkers 
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(l-Chloro-2-formyl)vinyIferrocene (71).^ ^ A solution of 49 (5.7 g，25 mmol) 
in D M F (20 mL) was added dropwise into the Vilsmeier reagent, prepared from 
POCl3 (5 mL) and D M F (20 mL) at r.t, under vigorous stirring at O^C. The 
resulting mixture was stirred at this temperature for 2 h, then at r.t. for a further 1 h.. 
A 30% aqueous NaOAc solution (150 mL) was added dropwise and the mixture was 
stirred at r.t ovemight. The red precipitate was filtered and purified by column 
chromatography with ethyl acetate and hexane (1 : 3) as eluent to afford a red soUd 
(6.2 g, 91%). lH N M R : 5 10.07 (d,J= 3.0 Hz, 1 H，CHO), 6.39 (d,J= 3.0 Hz, 1 H , 
C=CH), 4.76 (br. s, 2 H，Fc), 4.57 (br. s, 2 H，Fc), 4.25 (s，5 H，Fc). 
Ferrocenylethyne (72)尸 To a solution of 71 (476 mg，1.73 mmol) in refluxing 
dioxane (15 mL) was added an aqueous NaOH solution (0.5 M，10 mL). After 
addition, the mixture was stirred for a ftoher 5 min, then poured into ice water 
(50 mL). Conc. HC1 was added to acidify the solution until the pH paper turned pale 
red Then, the solution was extracted with diethyl ether (3 x 100 mL). The 
combined ether solution was dried with anhydrous MgSO4 and then evaporated under 
reduced pressure. The resulting brown residue was purified by column 
chromatography with hexanes as eluent to afford an orange-yellow solid (305 mg, 
88%). lH N M R : 5 4.47 (br. s, 2 H , Fc), 4.22 (br. s, 2 H，Fc)，4.20 (s, 5 H , Fc), 2.73 
(s，1 H, C=CH). ^ ¾ ( ¾ NMR: 5 73.5, 71.7，70.0, 69.8，69.4，68.7. M S OEI)： • 
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2ioovr^). 
5,6-Dichloro-l,3-isobenzofurandione (74). A mixture of 4,5-dichlorophthalic 
acid (73) (30 g，0.127 mol) and acetic anhydride (50 mL) was stirred at 140^C for 5 h, 
and then cooled to r.t. to give white crystals which were filtered, washed with hexanes, 
and dried in vacuo (24.9 g，90%); mp 183-185^C {liV^  184-186^C). 
5,6-Dichloro-lJ5r-isoindole-l,3(2jBf)-dione (75). A mixture of 74 (22 g) and 
HCONH2 (30 mL) was refluxed for 3 h. The resulting mixture was cooled to r.t. and 
then filtered. The white crystals collected were washed with water and dried in 
vacuo (20.8 g, 96%); mp 191-193^C (lit'' 193-195°C). 
4,5-Dichloro-l,2-benzenedicarboxamide (76). A solution of 75 in an aqueous 
NH4OH solution (25%, 300 mL) was stirred at r.t. for 24 h. Then, a 33% aqueous 
NH4OH solution (100 mL) was added The mixture was stirred for a further 24 h. 
The precipitate was filtered, washed with water, and dried in vacuo (16.5 g，71%); mp 
243-2450c (m.58 245-2470c). 
l,2-Dichloro-4,5-dicyanobenzene (77). To a solution of SOCl2 (70 mL) in 
D M F (100 mL) was added 76 in an ice bath. The mixture was stirred at this 
temperature for 5 h, then at r.t. ovemight. lce water (100 mL) was then added 
dropwise, and the product was filtered, washed with water, and dried in vacuo (12.1 g， 
74%); mp 182-i840C (lit'' 182-184^C). 
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l,2-Dibromo-4,5-dimethylbenzene (79). To a mixture of cp-xylene (78) (46 
mL, 0.35 mol) and iodine (0.2 g) was added bromide (40 mL, 1.28 mol) dropwise 
over 2 h at 0°C. The resulting viscous mixture was left at r.t. ovemight. Then, 
diethyl ether (150 mL) was poured to dissolve the mixture. The solution was then 
washed with 2 N NaOH (3 x 50 mL) and saturated brine (2 x 50 mL). The ether 
layer was coiiected and dried with anhydrous MgSO4 which was then filtered. A 
pale yellow solid was obtained after removing the solvent which was recrystallized in 
methanol to give white crystals (50.3 g, 50%); mp 86 -88^C (lit.'' 86-88^C). 
1.2-Dibromo-4,5-bis(dibromomethyl)benzene (80). A mixture of 79 (8.0 g, 
30 mmol), dibenzoyl peroxide (0.32 g, 1.3 mmol) and A'-bromosuccinimide (11 g，60 
mmol) in CCl4 (150 mL) was refluxed for 5 h. Then, a second portion of N-
bromosuccinimide (11 g，60 mmol) was added. The mixture was continued to reflux 
for a further 12 h, then a third portion of A^ -bromosuccinimide (11 g，60 mmol) was 
added. The suspension was refluxed for a further 7 h, then cooled to r.t. The 
mixture was filtered and the filtrate was collected and evaporated to give a yellow 
solid which was then dissolved in hot chloroform and precipitated with hexanes to 
afford a pale yellow powder (10.5 g，61%); mp 126-128<^ C (lit^'' 128-129<^ C). 
2.3-Dibromo-6,7-dicyanonaphthalene (81). A mixture of 80 (10 g，18 mmol), 
ftmnaronitrile (1.5 g，19 mmol), and anhydrous sodium iodide (20 g，130 mmol) in 
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D M F (70 mL) was heated to 75^C for 7 h, The dark brown mixture was cooled to r.t. 
and slowly poured into water (300 mL) with stirring. Sodium pyrosiilfite was then 
added to the mixture until the color was changed to pale yellow. The pale yellow 
precipitate was collected by suction filtration, washed with hot ethyl acetate, and dried 
in vacuo (2.7 g，45%); mp 246-248^C {lit'' 248-249<^ C). 
4,5-Bis(2-ferrocenylethynyl)phthalonitrile (82). A mixture of 72 (426 mg, 
2.03 mmol), 77 (100 mg, 0.51 mmol), Pd(PPh3)2Cl2 (20 mg) and CuI (2.8 mg) in 
Et3N (10 mL) was heated at 90^C ovemight. The red solid was filtered and washed 
with hexanes, and purified by column chromatography with CHCl3 and hexanes (4 : 1) 
as eluent to afford a deep red solid (210 mg，76%, mp 219-222。(：). ^ N M R : 5 7.83 
(s, 2 H , ArH), 4.62 (br. s，4 H，Fc), 4.40 (br. s, 4 H, Fc), 4.28 (s, 10 H，Fc). ^ ½ ( ¾ 
N M R : 6 135.8，130.8，115.1，112.9，101.1，82.9, 72.1，70.4，70.1，62.9. JUR (KBr): v 
=2203s cm-l (C=N). H R M S (LSI): m/z calcd for C32H20^^Fe2N2 0^) 544.0325, 
found 544.0329. Anal. Calcd for C32H20Fe2N2: C, 70.58; H, 3.71; N, 5.15. Found: 
C, 70.38;H,3.56;N, 4.98. , 
2,3,9404647^3^4-OctaMs(2-ferrocenylethynyI)phthalocyaninatozincOn) 
(83). Self-cyclization method: A mixture of 82 (200 mg, 0.37 mmol) and 
Zn(0Ac)2.2H20 (33 mg，0.15 mmol) in ;z-pentanol (10 mL) was heated to 90^C, and 
then a few drops ofDBU was added The red solution was then heated to 150°C 
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overnight The resulting dark green solution was poured into 100 m L methanol and 
water (1 : 1) and the precipitate was filtered and washed extensively with methanol, 
hexanes and acetone using a Soxhlet extraction apparatus. The product was then 
dissolved in THF and precipitated by adding methanol to give a green solid (66 mg, 
32%). Mixed cyclization method: A mixture of 82 (484 mg，0.89 mmol), 84 (46.7 
mg, 0.06 mg), and Zn(0Ac^-2H20 (64.8 mg，0.30 mmol) in /z-pentanol (30 mL) was 
heated to 90^C and then a few drops of D B U was added. The red solution was then 
heated to 150^C overnight. The volatiles were removed and the residue was purified 
by column chromatography with CHCl3 and THF (9 : 1) as eluent. Two green bands 
were developed containing 85 (trace amount) and 83 (8 mg, 2%) which were collected, 
evaporated, and dried in vacuo. Compound 83: UV-Vis (THF) [A-j^^nm (log s)]: 
377 (5.42), 662 (5.03)，705 (sh), 736 (5.70). JK (KBr): v = 2200s cm"! (C=N). M S 
OVlALDI-TOF): an isotopic cluster peaking at m/z 2242.6 (M+). Compound 85: M S 
OVfALDT-TOF): an isotopic cluster peaking at m/z 2485.5 (M^). 
6,7-Bis(2-ferrocenyIethyayI)naphthaIonitrile (86). A mixture of 72 (375 mg, 
1.79 mmol), 81 (150 mg, 0.45 mmol), Pda^Ph3)2Cl2 (20 mg) and CuI (2.8 mg) in 
Et3N (10 mL) was heated at 90^C ovemight. The resulting brown solid was filtered 
and washed with hexanes and a small amount of CHCl3 to afford an orange solid. 
The cmde product could also be prepared by chromatography using CHCl3 as eluent 
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(143 mg, 54%). ^H N M R : 5 8.22 (s，2 H, ArH), 8.05 (s, 2 H, ArH), 4.67 (br. s，4 H, 
Fc), 4.40 (br. s, 4 H, Fc)，4.32 (s, 10 H, Fc). ni (KBr): v = 2203s cm"^ (C=N). 
H R M S (LSI): m/z calcd for C^e^22^^^^l)^2 ( • ) 594.0482, found 594.0428. 
4,5,16,17i28,29,40,41-0ctakis(2-ferrocenylethynyl)naphthalocyaninato-
zinc(H) (87). Self-cyclization method: A mixture of 86 (200 mg，0.34 mmol) and 
Zn(OAc)2.2H2O (12 mg，0.05 nunol) in w-pentanol (10 mL) was heated to 90°C, and 
a few drops of D B U was added. The orange solution was then heated to 150°C 
ovemight to give a dark brown solution which was poured into 100 m L methanol and 
water (1 : 1). The precipitate formed was filtered and washed with methanol, 
hexanes and acetone using a Soxhlet extraction apparatus. The product was them 
dissolved in THF and precipitated with M e O H to give a brown solid which was dried 
• 
in vacuo (63 mg，31%). Mixed cyclization method: A mixture of 86 (426 mg, 0.72 
mmol), 84 (38 mg, 0.05 mg)，and Zn(0Ac)2.2H20 (53 mg，0.24 mmol) in "-pentanol 
(30 mL) was heated to 90^C, and then a few drops ofDBU was added. The orange 
solution was then heated to 150^C ovemight. The volatiles were removed under 
reduced pressure and the residue was purified by column chromatography with CHCl3 
and THF (9 : 1) as eluent. Two bands were developed containing 88 (21 mg, 17%) 
and 87 (22 mg, 6%) which were collected, evaporated, and dried in vacuo. 
Compound 87: UV-Vis (THF) [X^^^nm (log s)]: 369 (5.54), 486 (4.93), 705 (5.16), 
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756 (5.22), 792 (5.91). JR (KBr): v = 2200s cnr^ (C=N). M S (MALDI-TOF): an 
isotopic cluster peaking at m/z 2442.0 (M^). Compound 88: UV-Vis (THF) 
[Xmax^ (log s)]： 364 (5.48)，484 (4.74), 679 (5.11), 733 (5.30), 763 (5.86). BR. 
(KBr): V = 2204s cm_l (C=N). M S (MALDI-TOF): an isotopic cluster peaking at 
7Tz/z2634.8(M^). 
[5,15-Bis(ferrocenylethynyl)-10,20-diphenylporphyrinato]nkkeI(H) (90). A 
mixture of 72 (375 mg, 1.79 mmol), (5,15-Dibromo-10,20-
diphenylporphyrinato)nickel(n) (89) (150 mg, 0.45 mmol), Pd(PPh3)2Cl2 (20 mg) 
and CuI (2.8 mg) in THF (8 mL) and Et3N (2 mL) was stirred at r.t. overnight. The 
solvent was then removed under reduced pressure and the residue was subjected to 
chromatography using hexanes as eluent to develop an orange band. The column 
was then eluted with CHCl3 to develop a green band which was collected and 
evaporated. The green soUd was redissolved in CHCI3 and then precipitated by 
adding methanol (277 mg，66%). ^H NMR: 5 9.46 (d, J = 4.5 Hz, 4 H, py-H), 8.72 
(d,J= 4.7 Hz, 4 H, py-H), 8.00.(br. s, 5 H, ArH), 7.71 (br. s, 5 H, ArH), 4.89 (br. s, 4 
H, Fc), 4.44 (br. s, 14 H, Fc). UV-Vis (THF) [X^^nm (log s)]: 433 (5.59), 564 
(4.40), 624 (4.80). JR (KBr): v = 2199s cm_l (C=N). H R M S (LSI): m/z calcd for 
C32H20^^Fe2N2 (M^) 934.0992, foimd 934.0960. 
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Appendix A-1 ^ NMR spectrum of54 in CD3SOCD3； * indicates solvent peak. 
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